Listeria monocytogenes is a facultative intracellular bacterium, pathogenic for humans, and widely studied as a model of cell-mediated immunity in mice. When injected into mice, it is rapidly engulfed by resident macrophages and can survive and multiply within those cells (11) . Mouse strains differ in their innate resistance to L. monocytogenes, showing 100-fold differences in their 50% lethal dose controlled by a single major gene, Lsr (7, 18 ).
An early event in natural resistance, and a major determinant of genetic resistance or susceptibility, is the inflammatory response at the site of infection (12, 16) . The response in both resistant (Lsrr) and susceptible (Lsrs) strains is an early influx of polymorphonuclear granulocytes to the site of infection (12) , but resistant mice (C57BL and related strains) show an earlier monocyte response in the bloodstream (12, 16) and possibly also at the site of infection (23) . These newly formed monocytes are highly bactericidal (23) . Their earlier appearance is probably a consequence of higher numbers of hemopoietic precursor cells (colony-forming cells [CFCs] ) in the bone marrow and spleen of the resistant mice (25) .
It was therefore of interest to study during L. monocytogenes infection of mice the growth factor governing the development of macrophages, namely, colony-stimulating factor 1 (CSF-1), and the cells of the macrophage lineage which bear receptors for CSF-1. Because CSF-1 can be measured by radioimmunoassay (19, 20) , it can be detected in tissue homogenates which might well be toxic in biological assays involving cell proliferation in vitro (13) . Furthermore, the binding of 125I-CSF-1 to the cell, combined with autoradiography, provides a measure of the number of cells in the mononuclear phagocyte lineage (5, 20) . * Corresponding author.
MATERIALS AND METHODS
Mice. C57BL/6J, BALB/cJ, CBA/J, C3H/HeJ, and C3HeB/FeJ mice were purchased from the Jackson Laboratory, Bar Harbor, Maine. C3H/HeJ mice used in CSF-1-binding studies were the kind gift of R. Bradley, Cancer Research Institute, Melbourne, Australia. Sex-matched mice were infected intravenously at 6 to 8 weeks of age with L. monocytogenes as previously described (25) . The 50% lethal dose of L. monocytogenes in the C57BL/6J mice was found to be 3 x 105 organisms, while that for the other strains varied between 2 x 103 and 5 x 103 organisms.
Preparation and iodination of CSF-1. Two preparations of CSF-1 of different degrees of purity were made from mouse L-cell conditioned medium and used for different purposes.
Their preparation is described in detail by Stanley (20) . Stage 1 L-cell CSF-1 was made from L-cell conditioned medium by batch calcium phosphate gel chromatography, while highly purified stage 4 L-cell CSF-1 was prepared by subjecting stage 1 material to DEAE-cellulose chromatography, followed by gel filtration and affinity chromatography on concanavalin A-Sepharose. The purity of the stage 4 CSF-1 preparation was checked by polyacrylamide gel electrophoresis, and it was radioiodinated (300,000 cpm/ng of CSF-1 protein) as described previously (20) for use in the radioimmunoassay and cell-binding studies.
Tissue preparation for CSF-1 assay. Mice were ether anesthetized and bled from the heart to collect the maximum amount of blood. The blood was allowed to clot for 1 h at room temperature, and the clots were retracted overnight at 4°C to collect the serum. The following organs were removed for assay: spleen and liver (the major sites of L. monocytogenes localization) (8) and lung and submaxillary salivary glands (tissues containing a high concentration of CSF-1) (2). The tissues were weighed and suspended in 20 times their weight of HEPES (N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid)-buffered a medium (KC Biologicals, Le- nexa, Kans.) with 0.2% bovine serum albumin and 0.02% sodium azide. They were homogenized on ice with an Eberbach homogenizer (7265; Fisher Scientific Co., Pittsburgh, Pa.) and centrifuged at 800 x g for 10 min at 4°C to remove debris. The supematants were heated to 56°C for 30 min, and the preparations were centrifuged again to remove the precipitated proteins. The concentration of CSF-1, which is quantitatively recovered in the supernatant, was assessed by a specific radioimmunoassay, as described in detail elsewhere (19,. 20) . One unit of CSF-1 represents approximately 0.44 fmol, or 12 pg, of CSF-1 protein.
Cell binding of 2-51-CSF-1. Infected or uninfected mice were killed by cervical dislocation, and femurs, tibias, and/ or the spleen were removed. Bone marrow cells were prepared by cutting off the epiphases and washing out the plug of marrow with a 1-ml tuberculin syringe with a 26-gauge needle. The cells were aspirated several times through the 26-gauge needle to ensure a single-cell suspension. Spleen cells were prepared by gently teasing the spleens with a syringe and needle and passed through an 80-gauge, 80-mesh stainless steel sieve. The medium used throughout was HEPES-buffered a medium with 0.2% bovine serum albumin and 0.02% NaN3, and the cells were maintained at all times at 0 to 4°C, unless noted otherwise. Debris was removed from the cell suspension by settling on a fetal calf serum cushion, and when the removal of erythrocytes was necessary, they were lysed in Tris-buffered 0.83% ammonium chloride at 37°C for 5 min (3). In vitro up regulation of CSF-1 receptors. Cells were prepared initially as above, but before exposure to CSF-1, they were incubated (2 x 105 cells per ml, 3 ml) in HEPESbuffered a medium with 10% fetal calf serum in 5-ml polypropylene tubes at 37°C for 16 h (1). The cells were then cooled to 4°C, centrifuged at 400 x g for 10 min, suspended to a concentration of 108/ml, and kept at 4°C before 125[_ CSF-1 binding as described above.
125I-CSF
RESULTS CSF-1 in the serum of L. monocytogenes-infected mice. C57BL/6J and BALB/cJ mice were infected intravenously with various doses of L. monocytogenes, namely, 1 x 106, 1 x 104, and 5 x 102 viable units, and the CSF-1 in their serum was assayed by radioimmunoassay 1, 2, and 3 days later. Sera from uninfected mice were assayed at the same time. Figure 1 shows that the response was extremely dose dependent and peaked at 2 to 3 days postinfection. The BALB/cJ mice, which rapidly develop higher numbers of L. monocytogenes than do the resistant C57BL/6J mice given the same dose (Fig. 2) , showed higher concentrations of CSF-1 in the serum. At the highest dose, BALB/cJ mice were dead by day 3.
CSF-1 in the tissue of L. monocytogenes-infected mice. C57BL/6J and BALB/cJ mice were infected intravenously with 105 L. monocytogenes organisms, a dose judged to be high enough to produce a response but low enough to allow the survival of BALB/cJ mice over 3 days. At daily intervals the mice were kill-bled and the tissues were removed for extraction of CSF-1 as described in Materials and Methods. The results are shown in Fig. 3 . A pronounced (10-to 20-fold) increase in CSF-1 concentration in the spleen may be seen. Other organs also showed an increase: liver, 30-fold from a very low base level; lung and salivary gland, 3-fold. The concentration in the spleen was far in excess of the concentration in the serum. The lung and salivary gland also contained higher concentrations than did serum. It should be noted that the liver, because of its larger weight, contained by far the greatest total amount of CSF-1 after infection. The concentration, even in the liver, was higher than could be accounted for by residual serum. There was no consistent difference between the two strains in the various tissues.
CSF-1 response in genetically resistant and susceptible mice. Mice of the resistant C57BL/6J strain or of the susceptible BALB/cJ or CBA/J strain were infected with 5 x 104 L. monocytogenes organisms, and 2 days later the concentrations of CSF-1 in their serum, spleen, liver, lung, and submaxillary salivary glands were assayed. Assays of serum and tissue extracts of normal mice were included for comparison (Fig. 4) (lipopolysaccharide W E. coli 0111-84; Difco Laboratories, Detroit, Mich.) and their tissues were sampled at the peak response of 7 h. Normal mice were also assayed. Although the distinction between C3H/HeJ and C3HeB/FeJ mice was clear in their response to E. coli LPS, both C3H/HeJ and C3HeB/FeJ mice were able to respond to L. monocytogenes infection (Fig. 5) . CSF-1-binding cells in the bone marrow and spleen of infected mice. The binding of 125I-CSF-1 allows the identification of cells of the macrophage lineage, ranging from precursor macrophage-CFCs to mature macrophages. Therefore, cells from normal mice and from mice at the peak of their CSF-1 response were tested for their ability to bind CSF-1.
C57BL/6J and BALB/cJ mice were infected with 6 x 104 Listeria organisms. Two days later their bone marrow was two strains also showed that there was a twofold-higher binding to resistant C57BL/6J mice (2,310 + 283 cpm) compared with susceptible BALB/cJ mice (1,134 ± 144 cpm, P < 0.01). Infection reduced binding to 465 ± 60 cpm for C57BL/6J spleen cells and 578 ± 17 cpm for BALB/c (P < 0.01 compared with uninfected mice).
Since 
DISCUSSION
CSFs are a group of growth factors which regulate leukocyte proliferation and differentiation in vitro (13) and in vivo (4, 14, 17) . Since the rapidity with which newly formed monocytes are mobilized to the site of infection is the major determinant of innate resistance of mice to L. monocytogenes, as well as the basis of marked differences in their genetic resistance (12, 16, 21, 23) , it has been of interest to study CSFs and CFCs during that infection. We have previously found that after infection the concentration of total colony-stimulating activity (CSA) in serum increased with higher numbers of bacteria in the mice, whether the bacterial numbers reflected the infecting dose or the relative susceptibility of the strain of mouse (25) . Thus, as the CSA concentration in serum is higher in infected susceptible mice than in infected resistant mice, an increased CSA concentration in serum after infection cannot explain resistance. On the other hand, the number of CFCs in resistant mice before infection is higher than that in susceptible mice, providing a possible explanation for resistance.
Since it is the monocyte-macrophage series of cells which appears to be particularly important in resistance to L. monocytogenes, the present paper focuses on the CSF (CSF-1) which selectively regulates mononuclear phagocytes from the CFC precursor to the mature nondividing macrophage. All of these cells selectively express the CSF-1 receptor; larger numbers of receptors are expressed on more mature cells of the series (1, 5) .
As with total serum CSA, the CSF-1 concentration in serum depended on the infecting dose of bacteria and was higher in susceptible than in resistant mice given the same dose. A and second, to minimize the contribution of blood CSF-1 to the CSF-1 concentration in tissue.
It will be noted that in all experiments the spleen, which together with the liver, is the major site of infection, contained the highest concentration of CSF-1 of all the organs examined in infected mice. It is relevant that splenectomy of mice before infection abrogates the increase in serum CSA (24) , so the spleen is clearly a major source of CSF. The liver, which normally has a very low CSF-1 concentration, after infection exhibited the greatest fold increase in CSF-1 concentration and, because of its size, the greatest total CSF-1 of any organ. Significant increases were also observed in the lung and salivary gland. In each case, concentrations were too high to be significantly augmented by blood in the tissue. There was no correlation between genetic resistance of C57BL/6J mice or susceptibility of BALB/cJ, CBA/J, C3H/HeJ, or C3HeB/FeJ mice and their CSF-1 concentration before or 2 days after infection with 5 x 104 Listeria organisms. In this respect, a direct comparison can be made between Fig. 3 (22) is recognized by the C3H/HeJ mice as different from E. coli LPS. When the number of CSF-1-binding cells was examined, it was found, in line with our previous studies on CFCs, that the uninfected resistant C57BL/6J mice had a higher percentage of CSF-1-binding cells in their bone marrow and spleen than did uninfected susceptible mice. Furthermore, more cells were consistently recovered from the bone marrow (the major source of hemopoietic cells) of C57BL/6J mice than from BALB/cJ, CBA/J, or C3H mice. Thus, it seems that the resistant mice, as well as having intrinsically high numbers of total CFCs (25) , also have higher numbers of cells which specifically give rise to monocytes and macrophages. (9) . No direct comparison with respect to the amount of CSF-1 bound can be made between Tables 1 and 2 The down regulation of receptors during infection raises questions concerning its mechanism. It is known that incubation of cells in CSF-1 down regulates the CSF-1 receptor. Furthermore, several other CSFs are known to down modulate the CSF-1 receptor (15) . Granulocyte-CSF appears at a high concentration in the serum after infection (6) , and other CSFs are probably produced in the tissues. On the other hand, it is also known that incubation of cells in vitro with LPS down modulates the CSF-1 receptor (9) . Both mechanisms may be operating. The observed down regulation in the infected LPS nonresponder C3H/HeJ mice could have been due to an increased local CSF-1 concentration in the bone marrow, since even cells from normal uninfected control mice appeared to have significantly down regulated their CSF-1 receptors, perhaps reflecting the effect of basal levels of CSF. Experiments are in progress to determine whether products of L. monocytogenes are also involved in down modulating. In addition, the role of CSF-1 receptor down modulation-regulation in the control of mononuclear phagocyte production during infection is being examined.
